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Contour information is an important source for object perception and memory. Three experiments exam-
ined the precision of visual short-term memory for complex contour shapes. All used a new procedure
that assessed recall memory for holistic information in complex contour shapes: Participants studied,
then reproduced (without cues), a contoured shape by freehand drawing. In Experiment 1 memory pre-
cision was measured by comparing Fourier descriptors for studied and reproduced contours. Results indi-
cated survival of lower (holistic) frequency information (i.e., 65 cycles/perimeter) and loss of higher
(detail) frequency information. Secondary tasks placed demands on either verbal memory (Experiment
2) or visual spatial memory (Experiment 3). Neither secondary task interfered with recall of complex con-
tour shapes, suggesting that the memory system maintaining holistic shape information was indepen-
dent of both the verbal memory system and the visual spatial memory subsystem of visual short-term
memory. The nature of memory for complex contour shape is discussed.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Perception and memory of visual objects are crucial compo-
nents of our visual cognitive system. Previous studies have argued
that the contour shape of an object can be a useful cue for object
perception (Attneave, 1954), and such information is sufﬁcient to
access stored knowledge of object categories (Biederman & Ju,
1988). It has also been proposed that contour information is an
important source for object memory as well as for object percep-
tion (Alvarez & Cavanagh, 2008; Rock, Halper, & Clayton, 1972; Sal-
mela, Mäkelä, & Saarinen, 2010; Zhang & Luck, 2008, 2009).
Because the visual system has severe limitations in representing
and/or maintaining information (Luck & Vogel, 1997; Pylyshyn &
Storm, 1988; Trick & Pylyshyn, 1994; Yantis & Hillstrom, 1994),
it is plausible that information about the contour shape, as well
as surface information, is destroyed when observers store object
information in their memory. At present, however, we have little
knowledge about the nature of visual memory for the contour
shape of an object. The present study attempted to estimate the
precision of memory for a complex contour shape.
Traditionally, it has been assumed that parsing a complex con-
tour shape into restricted parts based on the concave maxima (i.e.,
convex parts) plays an important role in the representation of anll rights reserved.
ute of Advanced, Industrial
ukuba 305-8566, Japan. Fax:
Osugi).object (Beusmans, Hoffman, & Bennett, 1987; Biederman, 1987;
Hoffman & Richards, 1984). That is, information about contour
shape is often deﬁned as the summation of information about re-
stricted convex parts and their relative positions. Based on this
kind of part-based account, Sakai and Inui (2002) examined the
precision of visual short-term memory (visual STM) for a complex
contour shape using a recognition task in which observers were re-
quired to judge whether two sequentially presented contour
shapes (i.e., studied image and test image) were the same or differ-
ent. The results revealed that the recognition performance de-
creased as the number of convex parts of a shape increased, with
an estimated capacity of visual STM of approximately four convex
parts. The authors argued that the visual system divides a contour
shape into several convex parts and that each convex part indepen-
dently stored in the visual STM.
Although the part-based account has been successful in
explaining a variety of phenomena related to object recognition,
recent studies suggest that object recognition requires more than
a summation of information about restricted parts; instead, it is
proposed that a fundamental aspect of object recognition is found
in the processing of holistic contour shape information and this
does not include a parsing of contour shape (Bell & Badcock,
2008; Bell et al., 2010; Cortese & Dyre, 1996). For example, Bell
et al. (2010) demonstrated that the aftereffect of adaptation, a shift
in perception of the indentations around the contour shape away
from the adapting stimulus, was greater when the holistic contour
was presented compared to a serial presentation of local parts.
Moreover, all parts of the contour shape were found to contribute
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based account, which predicts that convex parts should be more
inﬂuential than concave parts. These results indicated that the rep-
resentation of contour shape involves holistic information, not
merely its local parts. In this account, geometric properties of a
holistic shape, such as radial frequency components (i.e., a series
of sine waves of various frequencies describing indentations
around the contour shape; Zahn & Roskies, 1972), serve as candi-
dates for object primitives. Although several studies have demon-
strated that holistic information of a contour shape appears to be
stored in visual STM, these studies have used relatively simple ob-
jects comprising only two radial frequencies (e.g., Salmela, Mäkelä,
& Saarinen, 2010; Zhang & Luck, 2008, 2009). At present, it remains
unclear how holistic information of complex contour shape is
stored in visual STM.
Descriptions of holistic information in complex contour shapes
that rely upon Fourier descriptors are methodologically useful (e.g.,
Zahn & Roskies, 1972). With Fourier methods, given an arbitrary
starting point on a contour, local contour orientation as a function
of cumulative arc length is expanded in a Fourier series. The ampli-
tude and the phase angle for each radial frequency respectively
represent the depth of indentation and the rotation for a contour
shape. These terms allow descriptions of holistic properties of con-
tour shape independently of the spatial location, size, and rotation
of the contour shape. Global shape information can be speciﬁed by
several lower frequency components, whereas local shape details
can be ﬁlled in by higher frequency components. Importantly, it
was argued that Fourier descriptors are consistent with the percep-
tual similarity between contour shapes (Cortese & Dyre, 1996).
Speciﬁcally, results of multidimensional scaling for similarity judg-
ments have indicated that the effect of perceptual similarity was
related to variations in amplitude and phase parameters of contour
shapes. These ﬁndings suggested that Fourier descriptors (i.e., the
amplitude and the phase in each radial frequency) should repre-
sent holistic information of contour and that Fourier parameters
correspond to observer’s perception.
In the present study, we examined what information of com-
plex contour shapes (more speciﬁcally, local vs. global features)
is stored in visual STM. Most studies about STM memory for visual
objects use a recognition task that requires comparison between a
studied image and a test image to assess the precision of object
memory (e.g., Sakai & Inui, 2002). However, it has been suggested
in these tasks that the object representation stored in visual STM
can be overwritten by a newly presented test image in the recog-
nition task (e.g., Landman, Spekreijse, & Lamme, 2003). Thus, the
recognition task does not guarantee that recognition accurately re-
ﬂects object representation in visual STM. Furthermore, it is possi-
ble that observers do not use holistic information of a contour
shape in the recognition task because this task can be performed
accurately simply by examining each local part independently.
For these reasons, the recognition task is unsuitable for the pur-
pose of the present study. An alternative method for assessing
the precision of visual object memory is a selection task: Observers
must select the same shape as a studied object from objects that
reﬂect systematic variations of holistic parameter (e.g., Zhang &
Luck, 2008). However, the selection task is also unsuitable for the
purpose of the present study, because systematic variation of
parameters can accommodate only simple shapes, namely shapes
with contours composed of a few radial frequencies, not complex
visual shapes. Therefore, to discover how holistic information of
complex contour shape is stored in visual STM, we proposed a
newmethod: A freehand drawing recall task. In this task, observers
reported the studied contour by reproducing it in a freehand draw-
ing and without any cues. The precision of a shape reproduction
was estimated by comparing Fourier descriptors (i.e., the ampli-
tude and phase in each radial frequency) of studied and reported(drawn) shapes. This method has several advantages for assessing
the precision of visual STM for contour shapes; these include the
absence of overwriting, the fact that holistic information can be ex-
pressed in estimated metrics, and a task that readily accommo-
dates complex visual contours.
In the present study, three experiments were performed to
examine visual STM for the holistic information of a complex con-
tour shape. In Experiment 1, we examined the precision of memory
for a complex contour by comparing two conditions: a memory
condition and a copying condition. Participants were required to
draw a contour shape after the study image was removed in the
memory condition, whereas the study image remained visible dur-
ing drawing in the copying condition. The copying condition pro-
vides the baseline of the freehand drawing recall, and permits
estimation of the precision of visual STM. Subsequently, we exam-
ined whether or not a secondary task that places demands on ver-
bal (Experiment 2) or on visual spatial (Experiment 3) memory
interferes with the memory that maintains the contour shape.2. Experiment 1
In Experiment 1, we investigated the precision of visual STM for
a complex contour shape using the freehand drawing recall task. In
this task participants reported the contour of a studied object by
reproducing it with freehand drawing and without the aid of any
cues. Because the freehand drawing recall task may involve non-
negligible errors in production by freehand drawing, such as errors
in the coordination between perception and hand movements, it is
necessary to estimate the errors in freehand drawing. To this end,
we tested the copying condition in addition to the memory condi-
tion. Fig. 1 gives a schematic illustration of the procedure. Given
that the copying condition yields the maximum performance of
freehand drawing recall (i.e., the studied image was perfectly rep-
resented in mind), the lower performance in the memory condition
indicates the deﬁcit of visual STM.2.1. Method
Participants. Sixteen undergraduate and graduate students (9 fe-
males; mean age, 22.4 years) from the subject pool of National
Institute of Advanced Industrial Science and Technology (AIST, Tsu-
kuba, Japan) participated for pay. All reported normal or corrected-
to-normal visual acuity and normal color vision.
Stimuli. The stimuli were displayed on a liquid–crystal display
(Diamond crystal RDT1713s, mitsubishi) controlled by a computer
operating Mac OS, Matlab (Mathworks Inc.), and Psychophysics
Toolbox (Brainard, 1997; Pelli, 1997). The viewing distance was
approximately 60 cm. We used a total of 96 white novel contour
shapes illustrated by hand (Endo et al., 2003). Each contour shape
subtended almost 10 in height and width. Fig. 2A shows several
examples of shape.
Design and procedure. Each participant performed in two condi-
tions: A memory condition and a copying condition. Each trial was
initiated by the presentation of a novel contour shape at the center
of the display for 5 s, followed by a 20 s blank interval in the mem-
ory condition, whereas the contour shapes were displayed for 25 s
in the copying condition (Fig. 1). These exposure durations were
chosen on the basis of a pilot experiment. The 5 s study time is suf-
ﬁcient time for perceiving details of contour shape and encoding
them in memory; few improvements in performance can be ex-
pected from the prolonged exposure duration. Furthermore, the
20 s drawing time is enough time to reproduce a contour shape
on paper as precisely as possible. During this period, participants
were required to copy a contour shape onto paper by using a
ball-point pen within a drawing period as precisely as possible.
Fig. 1. Schematic illustrations of stimulus sequence in Experiments 1. (A) The
memory condition. A novel contour shape, presented at the center of the display for
5 s, is followed by a 20 s blank interval. (B) The copying condition. A novel contour
shape is presented at the center of the display for 25 s.
Fig. 2. (A) Samples of the stimuli used in the present study. (B) Samples of the
drawn shapes under the memory condition. (C) Samples of the drawn shapes under
the copying condition.
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and continued for 20 s. That is, the contour shape was visible dur-
ing the drawing period in the copying condition, whereas it was re-
moved before the drawing period in the memory condition. The
start and the end of drawing period were indicated by 1000 Hz
tones for 200 ms.
At the beginning of the experiment, participants performed six
practice trials (three trials for each condition) using different con-
tour shapes from those used in the experimental block. Each par-
ticipant completed four experimental blocks (two blocks for the
memory and copying conditions each), where each experimental
block consisted of 24 trials. Memory and copying blocks were
alternated and the condition of the ﬁrst block was counterbalanced
across participants. The contour shapes were balanced for com-
plexity across two conditions and the assignment of contour
shapes to each condition was counterbalanced across participants.
Note that in nearly all of the contour shapes used in the present
study, amplitudes in radial frequencies of 2–16 cycles/perimeter
were much higher than the perceptual threshold reported by Wil-
kinson, Wilson, and Habak (1998). We will return to this issue in
Section 5. Thus, it is plausible that the accuracy of reproduction
in each radial frequency depends on the limitation in memory
and/or drawing rather than the limitation in perception of shapes.
Data analyses. Fig. 2B and C shows examples of drawn shapes
under the memory and copying conditions. The drawn contour
shapes were digitized by a scanner (Scan snap S1500M, Fujitu).For each digitized contour shape, Fourier descriptors (e.g., Zahn &
Roskies, 1972) were computed as follows: Given an arbitrary start-
ing point on the closed contour, a sequence of 512 coordinate pairs
(x,y) was sampled on the closed contour with the distance between
adjacent points of L/512, where L is the perimeter of the shape
(Fig. 3). The cumulative angular bend function u0–511, which is
the local orientation (i.e., un = tan1[(yn  yn1)/(xn  xn1)]) as
the function of cumulative arc length, was computed. To make a
periodic sequence, 2pn/512 was added to un, because u511 was
2p less than u0 in a clockwise-oriented sampling. Finally, the fast
Fourier transformation was applied to the periodic sequence,
which gave Fourier descriptors (i.e., the amplitude and phase angle
for each radial frequency). Note that some of drawn shapes were
not exactly closed. Because the shape must be closed to calculate
Fourier descriptors, for these shapes, the nearest edges were linked
by adding lines.
To estimate the accuracy of drawn shape, deviations from origi-
nal shape were computed for amplitude and phase in each radial
frequency. The deviation in amplitude (DA) was deﬁned as:
DA ¼ 1
N
XN
n¼1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðAdrawnðnÞ  AoriginalðnÞÞ2
q
ð1Þ
where N is the number of contour shapes. Adrawn(n) and Aoriginal(n)
indicate the amplitudes of drawn and original shapes for contour
n, respectively. The deviation in phase (DP) was deﬁned as:
DP ¼ 1
N
XN
n¼1
dðudrawnðnÞ;uoriginalðnÞÞ ð2Þ
where d(udrawn(n), uoriginal(n)) indicates the phase difference (<p) be-
tween the drawn and original shapes for contour n. Note that, be-
cause the phases depend on the starting point of sampling, us
were corrected relative to radial frequency of 1 cycle/perimeter.
Fig. 3. (A) The cumulative angular bend function of contour shape is compared to
that of a circle. The function is expanded in a Fourier series. (B) Samples of the radial
frequency patterns at frequencies of 2–6 cycles/perimeter and the patterns from the
summation of 2 and 4 cycles/perimeter and the summation of 4 and 6 cycles/
perimeter.
Fig. 4. The mean values of zDA and zDP in radial frequencies of 1–20 cycle/perimeter
under the memory and copying conditions in Experiment 1. The signiﬁcance level
indicates the limit of 95% conﬁdence interval for a proportion.
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quency in each shape, and then examined DPs in 2 and higher cycle/
perimeter.
To compare the values of DA and DP against a haphazard level,
surrogate data were calculated by randomly permuting the identi-
ﬁcation number of original shapes. Higher values of DA (DP)
against a haphazard level indicate that the differences in amplitude
(phase) between the drawn and original shapes were signiﬁcantly
smaller than those when the pairs of the drawn and original shapes
were randomly permuted. The surrogate data were deﬁned as:
DAsurrogate ¼ 1N
XN
n¼1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðAdrawnðnÞ  AoriginalðpermðnÞÞÞ2
q
ð3Þ
DPsurrogate ¼ 1N
XN
n¼1
dðudrawnðnÞ;uoriginalðpermðnÞÞÞ2 ð4Þ
The DA and DP were normalized (z-score) with the mean (lsur-
rogate) and standard deviation (rsurrogate) of 2000 surrogate data by
the following equations:
ZDA ¼ lDA surrogate  DA
 
=rDA surrogate ð5Þ
ZDP ¼ lDP surrogate  DP
 
=rDP surrogate ð6Þ
The zDA and zDP represent the deviation from original shape.
Thus, higher values indicate greater accuracy in drawing the con-
tour shape.2.2. Results
Fig. 4 shows the mean values of zDA and zDP in radial frequencies
of 1–20 cycle/perimeter. The signiﬁcance level indicates the limit
of 95% conﬁdence interval for a proportion (z = 1.96, p < .05, uncor-
rected). The values of zDA were greater than the signiﬁcance level in
radial frequencies of 1–6 cycles/perimeter for the memory condi-
tion, and radial frequencies of 1–15 and 17–18 cycles/perimeter
for the copying condition. The values of zDP were greater than the
signiﬁcance level in radial frequencies of 2–4 cycles/perimeter for
the memory condition, and radial frequencies of 2–7 cycles/perim-
eter for the copying condition.
An analysis of variance (ANOVA) on zDA with task type (memory
vs. copying) and radial frequency (1–20 cycles/perimeter) as with-
in-subject factors identiﬁed the signiﬁcant main effects of task
type, F(1,15) = 244.07, p < .001, gp2 = .94,and radial frequency,
F(19,285) = 119.68, p < .001, gp2 = .89. A signiﬁcant interaction
was also observed, F(19,285) = 7.66, p < .001, gp2 = .34. The
multiple comparisons by using Tukey’s HSD test (p < .05) revealed
that the values of zDA under the copying condition were greater
than those under the memory condition in radial frequencies of
1–11 and 15 cycles/perimeter. A two-way ANOVA on zDP with task
type and radial frequency (2–20 cycles/perimeter) revealed that
signiﬁcant main effects of task type, F(1,15) = 57.8, p < .001,
gp2 = .79, and radial frequency, F(19,285) = 121.62, p < .001,
gp2 = .89. A signiﬁcant interaction was also observed,
F(19,285) = 11.25, p < .001, gp2 = .43. The multiple comparisons re-
vealed that the values of zDP under the copying condition were
greater than those under the memory condition in radial frequen-
cies of 2–7 cycles/perimeter.
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Experiment 1 used a freehand drawing recall task and esti-
mated the precision of memory by comparing the Fourier descrip-
tors for studied and reported shapes. The Fourier transformation
can decompose all ranges of holistic information (from global to lo-
cal information) into radial frequency components (from low to
high frequencies). For the copying condition, the zDA and zDP
showed that participants can draw complex contour shapes more
accurately in the lower frequency components than in the higher
frequency components. This result indicates that the higher fre-
quency components were more susceptible to production errors
in freehand drawing. Because the wavelength was shorter in the
higher frequency component, i.e., the wavelength in the compo-
nent of n cycle/perimeter is equal to L/n, where L indicates the
perimeter of the shape, the higher frequency components could
be signiﬁcantly inﬂuenced by small errors. Comparing the values
of zDA and zDP against the signiﬁcance level reveals the limitation
of radial frequency copied by freehand drawing. The results of
zDA showed that the depth of the indentations in radial frequencies
up to approximately 15 cycles/perimeter could be copied accu-
rately relative to the signiﬁcance level. The results of zDP indicated
that participants could accurately copy the rotation angle of inden-
tion in the radial frequencies up to 7 cycles/perimeter relative to
the signiﬁcance level. The limitation of the reproducible radial fre-
quency in the zDP was lower than that in the zDA. The wavelength of
8 cycles/perimeter is 45 of the rotation angle (2p/8). Thus, these
results indicate that, although the depth of the indentations in
higher frequencies could be copied, the accuracy of rotation angles
was less than 22.5 (i.e., the half of wavelength).
For the memory condition, similar to the copying condition, the
results showed that the values of zDA and zDP were greater in the
lower frequency components than in the higher frequency compo-
nents. A comparison of the values of zDA and zDP relative to the sig-
niﬁcance level indicates the limitation of radial frequency that can
be drawn depending on the memory representation. The results
demonstrated that the participants could accurately reproduce
the depth of the indentations in radial frequencies up to 6 cycles/
perimeter and the rotation angle of indention in the radial frequen-
cies up to 4 cycles/perimeter compared with the signiﬁcance level
(the half wavelength of 5 cycles/perimeter is 36 of rotation angle).
This suggests that participants could store the holistic information
of a complex contour shape in visual STM and the limitation of ra-
dial frequency that could be represented in memory was approxi-
mately 5 cycles/perimeter. We discuss the possible causes of this
limitation in Section 5.
The comparison between the memory and copying conditions
revealed that the values of zDA and zDP under the memory condition
were signiﬁcantly lower than those under the copying condition.
Because the procedure of the copying condition was the same as
that of the memory condition except for retaining the study image
during the drawing period, copying performance can provide a
meaningful baseline for the case in which the information of con-
tour shape was fully represented in mind. Thus, the lower perfor-
mance in the memory condition indicates a deﬁcit of visual STM.
The deﬁcit of visual STM can be observed in the low and middle
frequency ranges; in fact, the performance in the higher frequency
range was less than the signiﬁcance level for both the memory and
copying conditions. Interestingly, a memory deﬁcit was observed
even in the lowest frequency component. That is, the deﬁcit of
memory was caused not only by the loss of the higher frequency
component from the representation of complex contour shape,
but also by decay of lower frequency information. This result is
not consistent with the hypothesis that the decay of memory for
an object occurs in the ﬁne to coarse manner, which assumes that
the ﬁne details are systematically removed from the memoryrepresentation according to the time dependent blurring function
whereas information of lower frequency components survives
through the retention interval (Gold et al., 2005; Harvey, 1986).
We believe that the decay of lower frequency information was re-
vealed because the freehand drawing recall task can reliably gauge
the precision of memory for lower frequency components, whereas
a typical recognition task mainly measures accuracy of memory for
object details (e.g., higher frequency components).3. Experiment 2
Experiment 1 demonstrated that participants could store the
holistic information of a complex contour shape in visual STM
and that the limitation of radial frequency represented in memory
was approximately 5 cycles/perimeter. To corroborate our ﬁndings,
in a second experiment we replicated the memory condition of
Experiment 1 using a different group of participants.
In Experiment 2, we also examined whether or not the holistic
information for complex contour shapes could be maintained inde-
pendently of the verbal memory system. It has been proposed that
memory for visual and verbal information are stored separately in
different systems (Baddeley & Hitch, 1974). Support for this ac-
count has come from numerous studies in which little or no inter-
ference was found when visual STM tasks were performed
concurrently with the secondary verbal task (e.g., Luck & Vogel,
1997). Using a similar rationale, we compared two conditions: a
single-task condition (i.e., the same as the memory condition in
Experiment 1) and a dual-task condition, in which the freehand
drawing recall task was performed concurrently with the second-
ary task that placed demands on verbal STM. In the dual-task con-
dition, a sample display of four digits (e.g., 2459) was presented
before the study image in each trial and participants were required
to maintain the digits in mind until the after the freehand drawing
of the shape. It is well known that verbal STM span is frequently
estimated to be 7 ± 2 (Miller, 1956), so it is plausible that this sec-
ondary task provided a medium load on verbal memory. If the
memory system storing holistic information for complex contour
shape is independent of the verbal memory system, then the per-
formance of freehand drawing recall will not be disrupted by the
secondary task.3.1. Method
Sixteen undergraduate and graduate students (6 females; mean
age, 22.3 years) participated for pay. All reported normal or cor-
rected-to-normal visual acuity and normal color vision. The stim-
uli, apparatus, procedures, and data analyses were the same as
those in Experiment 1, except for the following changes: Each par-
ticipant performed two conditions, i.e., a single-task condition and
a dual-task condition instead of the memory and copying condi-
tions. The single-task condition was identical to the memory con-
dition in Experiment 1. In the dual-task condition, at the beginning
and end of each trial, sample and test displays for secondary verbal
memory task were inserted. That is, each trial was initiated by the
sample presentation of four digits (e.g., 2459) at the center of the
display for 1s. This sample display was followed, after a 2s blank
interval, by the presentation of a study contour shape. The contour
shape was removed from the display 5 s after its onset and a draw-
ing period was given for 20 s. Participants were required to recall
the studied contour shape while maintaining in STM the digits pre-
sented at the sample display. At the end of each trial, the four num-
bers appeared on the display. Participants indicated whether the
digits were identical to those in the sample (digit) display, or one
digit was replaced by another digit.
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The mean rate of correct responses in verbal memory task was
94%. Fig. 5 shows the mean values of zDA and zDP in the radial fre-
quencies of 1–20 cycle/perimeter. The values of zDA were greater
than the signiﬁcance level in radial frequencies of 1–5 cycles/
perimeter for the single-task condition, and radial frequencies of
1–6 cycles/perimeter for the dual-task condition. The values of
zDP were greater than the signiﬁcance level in radial frequencies
of 2–4 cycles/perimeter for both the single and dual-task
conditions.
A two-way ANOVA on zDA with task type (single-task vs. dual-
task) and radial frequency (1–20 cycles/perimeter) as within-sub-
ject factors identiﬁed a main effect of radial frequency,
F(19,285) = 65.1, p < .01, gp2 = .81. Neither the main effect of task
nor the interaction of task with frequency was statistically signiﬁ-
cant (ps > .23, gp2 < .10). For zDP, a two-way ANOVA revealed the
main effect of radial frequency, F(18,270) = 47.1, p < .01,
gp2 = .76. Neither the main effect of task type nor its interaction
with frequency was signiﬁcant (ps > .33, gp2 < .07).
3.3. Discussion
The result of the single-task condition replicated the ﬁnding of
Experiment 1. In the single-task condition of this experiment, the
participants could accurately reproduce the depth of the indenta-
tions in radial frequencies up to 5 cycles/perimeter and the rota-
tion angle of indention in the radial frequencies up to 4 cycles/
perimeter when compared with the signiﬁcance level. These re-
sults are consistent with ﬁndings in Experiment 1, which showed
that the limitation of holistic information that can be representedFig. 5. The mean values of zDA and zDP in radial frequencies of 1–20 cycle/perimeter
under the single-task and dual-task conditions in Experiment 2. The signiﬁcance
level indicates the limit of 95% conﬁdence interval for a proportion.in visual STM was radial frequencies of approximately 5 cycles/
perimeter.
The comparison between single- and dual-task conditions re-
vealed that the values of zDA and zDP under the dual-task condition
were comparable to those under the single-task condition. This
suggests that the memory system storing the holistic information
for complex contour shape is independent of the verbal memory
system. Thus, it is plausible that the storable radial frequencies
of the contour shape speciﬁed in Experiments 1 and 2 (i.e., approx-
imately 5 cycles/perimeter) depends purely on the limitation of vi-
sual memory system.4. Experiment 3
Experiment 2 demonstrated that the performance of memory
for complex contour shapes did not interfere with the secondary
task that demands verbal STM. This ﬁnding suggests that the holis-
tic information of a complex contour shape can be represented and
maintained in the visual STM but not in the verbal STM. Previous
studies have demonstrated that a secondary visual spatial task
can interfere with the performance of visual STM (Baddeley &
Hitch, 1974; Baddeley & Lieberman, 1980). To investigate the nat-
ure of the memory system for complex contour shape, in Experi-
ment 3, we examined whether or not memory for a complex
contour shape would be disrupted by a secondary task that places
demands on visual spatial STM. If the stored information about a
complex contour shape and information about spatial location of
objects share the same memory subsystem, then performance of
freehand drawing recall should be disrupted by a secondary task
demanding visual spatial memory.
4.1. Method
Sixteen undergraduate and graduate students (6 females; mean
age, 22.9 years) participated for pay. All reported normal or cor-
rected-to-normal visual acuity and normal color vision. The stim-
uli, apparatus, procedures, and data analyses were the same as
those in Experiment 2 with the exception that the secondary verbal
memory task was replaced by a secondary spatial memory task. In
the dual-task condition, instead of initially presenting a digit array,
each trial was initiated by a sample presentation of two white
ﬁlled squares subtending 1 in height and width located respec-
tively at two different randomly selected locations on an invisible
8  8 matrix (8  8 of visual angle). At the end of each trial, a test
display appeared containing the two squares and participants had
to report whether both re-appeared at the same locations as in the
sample display versus one had moved by 2.
4.2. Results
One participant was excluded from the data analyzes because
for this individual most drawn shapes contained gaps too large
to repair so as to have completely closed contours. The mean cor-
rect rate of the spatial memory task was 88%. Fig. 6 shows the
mean values of zDA and zDP in the radial frequencies of 1–20 cy-
cle/perimeter. The values of zDA were greater than the signiﬁcance
level in radial frequencies of 1–6 cycles/perimeter for the single-
task condition, and in radial frequencies of 1–5 cycles/perimeter
for the dual-task condition. The values of zDP were greater than
the signiﬁcance level in radial frequencies of 2–4 cycles/perimeter
for both the single and dual-task conditions.
A two-way ANOVA on zDAwith task type and radial frequency as
within-subject factors identiﬁed the main effect of radial fre-
quency, F(19,266) = 72.3, p < .01, gp2 = .84. Neither the main effect
of task type nor its interaction with frequency was statistically
Fig. 6. Mean values of zDA and zDP in radial frequencies of 1–20 cycle/perimeter for
single-task and dual-task conditions in Experiment 3. The signiﬁcance level
indicates the limit of 95% conﬁdence interval for a proportion.
T. Osugi, Y. Takeda / Vision Research 79 (2013) 17–26 23signiﬁcant (ps > .37, gp2 < .06). For zDP, a two-way ANOVA revealed
the main effect of radial frequency, F(18,252) = 42.9, p < .01,
gp2 = .75. Neither the main effect of task type nor its interaction
with frequency was signiﬁcant (ps > .26, gp2 < .09).4.3. Discussion
In the single-task condition, the results of Experiments 1 and 2
were replicated again, i.e., the information in radial frequencies up
to approximately 5 cycles/perimeter could be stored. Surprisingly,
there was no difference on the values of zDA and zDP between the
single- and dual-task conditions. This result suggests that the
memory system storing the holistic information for complex con-
tour shape is independent of the visual spatial memory system. A
possible explanation for this result is that the holistic information
of the complex contour shape would be represented and main-
tained in the object memory subsystem, which is different from
the visual spatial memory subsystem. Recent studies have pro-
posed that spatial information and object identity information
are maintained in the separate storage subsystems of visual mem-
ory (Hollingworth & Luck, 2008; Xu & Chun, 2006). According to
this perspective, it is possible that maintaining the information
of a single complex contour shape depends on the storage subsys-
tem for object identity rather than that for spatial information. If
so, it is reasonable that the secondary task demanding visual spa-
tial memory did not interfere with the memory for complex con-
tour shape as observed in the present experiment.
The account that object identities and spatial locations are
maintained in separable memory subsystems remains controver-
sial; moreover, the present experiment provided no directevidence that memory for a contour shape depends on the storage
subsystem for object identity. Rather, the present experiment sim-
ply offers support for the idea that holistic information is impor-
tant for maintaining the representation of a contour shape.
Previous research assumed that the information about convex
parts and the relationship among these items are stored in memory
to maintain the representation of the contour shape (Sakai & Inui,
2002). According to this view, spatial locations of the convex parts
must be represented in the visual STM. If so, then a secondary task
that places demands on visual spatial STM would interfere with
performance in the freehand drawing recall task. However, the
present experiment did not ﬁnd this; instead, Experiment 3
showed that performance in the dual-task condition was equiva-
lent to that under the single-task condition. This implies informa-
tion that instantiates a complex contour shape was represented in
visual STM with little spatial information. This is consistent with
an account, which maintains that holistic information, rather than
part-based information, is important in the representation of a
complex contour shape in the visual STM.5. General discussion
In the present study, we investigated the precision of visual
STM for the holistic information of a complex contour shape using
a freehand drawing recall task and Fourier descriptors. In Experi-
ment 1, the results revealed that the participants could accurately
reproduce the depth and the rotation angle of the indentations in
radial frequencies up to approximately 5 cycles/perimeter. The va-
lue of 5 cycles/perimeter was due to the limitation of the memory
system but not due to the limitation of freehand drawing recall
task, because higher frequencies (i.e., approximately 15 cycles/
perimeter for the depth and 7 cycles/perimeter for the rotation an-
gle) could be reproduced in the copying condition. In Experiments
2 and 3, the results demonstrated that secondary tasks that placed
demands on either verbal memory (Experiment 2) or on visual spa-
tial memory (Experiment 3) did not interfere with the recall of a
complex contour shape. These ﬁndings suggested that the memory
system maintaining the holistic information for the complex con-
tour shape is independent of both the verbal memory system
and the visual spatial memory subsystem of visual STM. Thus, it
is plausible that the holistic information of the complex contour
shape was represented and maintained in an object memory sub-
system of visual STM, which can be dissociated from the visual
spatial memory subsystem (Xu & Chun, 2006).
The present study used a stimulus set containing a wide range
of complexity among contour shapes. Moreover, some of these
stimuli exhibited highly dominant lower radial frequencies,
whereas others were characterized by higher frequency properties.
One remaining concern is that the preservation of low frequency
components observed in results of the present study may be due
to better retention for simpler shapes. If this were the case, then
participants could accurately draw the lower frequency compo-
nents for simpler shapes, but not for complex contour shapes. To
rule out this possibility, we examined whether or not reproduction
accuracy varied as function of stimulus complexity. Accordingly,
the stimulus set used in the present study was divided into two
subsets on the basis of the rated subjective complexity: the rated
subjective complexity of each stimulus used in the present study
has been previously determined Endo et al. (2003). In the latter
study, 21 observers rated the complexity of each contour shape
using a 9-point scale (from 1 = ‘‘very simple’’ to 9 = ‘‘very com-
plex’’). The simple subset consisted of 48 contour shapes rated less
than 4.7 in the subjective complexity, where the complex subset
consisted of the remaining 48 contour shapes (>4.7). As reported
in Endo et al. (2003), subjective complexity was closely related to
Fig. 8. Mean values of zDA and zDP in radial frequencies of 1–20 cycle/perimeter for
simple and complex subsets. The signiﬁcance level indicates the limit of 95%
conﬁdence interval for a proportion.
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the complex subset, the simple subset showed greater mean
amplitudes in the lower frequency range (1–4 cycles/perimeter),
t(94) = 3.18, p < .01, and lesser mean amplitudes in the higher fre-
quency range (6–20 cycles/perimeter), t(94) = 4.00, p < .001
(Fig. 7). The data from Experiments 2 and 3 (total of 32 partici-
pants) were used in the present investigation (secondary task con-
ditions were ignored because no memory effects of these were
observed). The surrogate data were calculated in each subset.
Fig. 8 shows the mean values of zDA and zDP in radial frequencies
of 1–20 cycle/perimeter. Results indicated that the zDA values ex-
ceed signiﬁcant level values for radial frequencies of 1–6 cycles/
perimeter for the simple subset, and in radial frequencies of 1–
5 cycles/perimeter for the complex subset. The zDP values were
greater than the signiﬁcance level in radial frequencies of 2–4 cy-
cles/perimeter for the simple subset, and in radial frequencies of
2–3 cycles/perimeter for the complex subset. Taken together with
reproduction data, these results indicate that participants could
accurately reproduce the lower, but not the higher, frequency
information irrespective of the complexity of studied shape. This
suggests that the storable radial frequencies of contour shapes
are not a function of stimulus complexity. Rather, the limitations
on memory performance that are evident in this study appear to
depend upon the number of cycles/perimeter (speciﬁcally limits
of up to approximately 5 cycles/perimeter in amplitude and up to
approximately 4 cycles/perimeter in phase). It is possible that
these limits reﬂect a general aspect of visual memory.
As noted in the Introduction, traditionally studies concerned
with memory of visual shape have assumed that the visual system
divides a contour shape into restricted convex parts, and these
parts and their relationships are then stored in memory (Hoffman
& Richards, 1984; Sakai & Inui, 2002). However, recent studies have
demonstrated that object recognition involves more than the mere
summation of information about restricted parts; rather, it appears
that in visual shape processing, holistic contour shape information
is fundamental to object recognition (Bell & Badcock, 2008; Bell
et al., 2010). Although several studies have provided empirical evi-
dence for holistic processing in object recognition, at present, there
is little evidence that reveals ‘what’ information of a complex
contour shape (more speciﬁcally, local vs. global features) is stored
in visual STM. The present study addressed this issue. ItA
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Fig. 7. The amplitudes in radial frequencies of 1–20 cycle/perimeter for simple and
complex subsets. The perceptual thresholds were re-plotted from Wilkinson,
Wilson, and Habak (1998).demonstrated the survival of lower frequency information (i.e.,
up to approximately 5 cycles/perimeter) in visual STM as well as
the loss of higher frequency information. This suggests that the
global shape information can be represented and maintained in
the visual STM but that local detail information is lost at least in
conditions where participants are required to recall (but not recog-
nize) a studied shape. To our knowledge, our study is the ﬁrst to
estimate the precision of the memory for the holistic information
of the complex contour shape.
The present results indicated that higher frequency components
of the complex contour shape were not stored in visual STM. This
ﬁnding may be consistent with a previous study by using the rec-
ognition task. Sakai and Inui (2002) reported that recognition per-
formance for contour shape decreased with increasing the
perceptual complexity of the shape. In their study, the perceptual
complexity of the contour shape was deﬁned by the number of
the convex parts. In brief, although Sakai and Inui (2002) proposed
that recognition performance depends on the number of convex
parts (i.e., a part-based account), it is also possible that the lower
recognition performance for a complex shape which they observed
is attributable to the loss of higher frequency information (i.e., the
holistic account) as revealed in the present study.
The present study provides the ﬁrst empirical evidence for
resolving issues surrounding visual STM storage. That is, it has
not been clear whether no information is stored in visual STM or
whether some information about contour shapes was stored in vi-
sual STM when participants memorized complex shapes. The pres-
ent results clearly show that lower frequency components can be
stored even when the study shapes are highly complex. This is in
accord with another recent study, which investigated the relation-
ship between the number of contours to be memorized and the
T. Osugi, Y. Takeda / Vision Research 79 (2013) 17–26 25precision of memory for each item (e.g., Zhang & Luck, 2008). Using
relatively simple contour shapes, i.e., shapes composed of radial
frequencies of 2 and 4 cycles/perimeter with variable phases, they
demonstrated that the precision of memory was not affected by
the number of studied shapes, ranging from three to six in number,
indicating that a certain amount of information could be main-
tained in visual STM even if the number of contours to be memo-
rized increased. The ﬁndings from this study together with those of
the present study suggest that memory for the lower frequency
components is resistant to increasing the number of contour
shapes and the perceptual complexity of shapes. This account is
consistent with the idea that the ﬁxed-resolution representation
of contour shape could be stored in visual STM (Zhang & Luck,
2008).
The radial frequency of 5 cycles/perimeter (i.e., ﬁve indenta-
tions of contour), which was speciﬁed in the present study, can
be attributed to limits associated with two cognitive processes:
One is the limitation of encoding and the other is the limitation
of maintenance. For the limitation of encoding, a number of studies
have demonstrated the limitation of approximately ﬁve objects (or
ﬁve parts) in several visual tasks, such as in a multiple object track-
ing task (Pylyshyn & Storm, 1988), an enumeration task (Trick &
Pylyshyn, 1994), attentional capture task (Yantis & Hillstrom,
1994), a shape discrimination task (Lofﬂer, Wilson, & Wilkinson,
2003), and so on. For example, spatial positions of up to approxi-
mately ﬁve objects can be accessed and tracked by visual indexing
system (i.e., ﬁngers of instantiations, FINSTs; Pylyshyn, 1989; Pyly-
shyn & Storm, 1988) and approximately ﬁve discrete parts can be
grouped as a perceptual representation of the virtual polygon (Yan-
tis, 1992). Furthermore, it was reported that global processing in
shape discrimination only extended up to approximately 5 cy-
cles/perimeter (Lofﬂer, Wilson, & Wilkinson, 2003). Such limitation
for encoding objects might result in the loss of higher frequency
components in the present study. On the other hand, the limited
maintenance account assumes that the visual system can encode
higher frequency information as well as lower frequency informa-
tion, but it cannot maintain higher frequency information after the
termination of visual inputs. It has been well established that the
capacity of visual STM is approximately ﬁve objects (Awh, Jonides,
& Reuter-Lorenz, 1998; Luck & Vogel, 1997). Although further re-
search is needed to identify whether limitations reﬂected in the
limitation of encoding or maintaining, the limitations of 5 cycles/
perimeter estimated in the present study seems reasonable in
the visual cognitive system.
As shown in Fig. 7, the amplitudes of radial frequencies with a
2–16 cycles/perimeter in nearly all contour shapes used in the
present study were much higher than the perceptual thresholds re-
ported by Wilkinson, Wilson, and Habak (1998).1 Thus, it is reason-
able to consider that the accuracy of reproduction in each radial
frequency depended mainly on memory and/or drawing limitations,
rather than on limitations in the perception of shapes. However, it
remains possible that memory disadvantages for high radial fre-
quency components could have been caused by their low perceptual1 The thresholds reported by Wilkinson, Wilson, and Habak (1998) were computed
using a different technique from Fourier descriptors used in the present study. The
amplitudes in Fourier descriptors were calculated as follows: First, we created the
contour shapes (each shape was composed of a single radial frequency) according to
the thresholds reported by Wilkinson, Wilson, and Habak (1998). Second, the highest
contrast area (>90%) was extracted from each shape. Third, Fourier descriptors were
computed. Then, we plotted the amplitudes calculated from each corresponding
shape. Note that the thresholds re-plotted in Fig. 7 increased with increasing radial
frequency, whereas those reported by Wilkinson, Wilson, and Habak (1998)
decreased with increasing radial frequency, because of the difference in measures.
Wilkinson, Wilson, and Habak (1998) examined the deviations from a circular shape
as the amplitude, which is independent of the wavelength of radial frequency,
whereas the present study examined the variation range of local orientations
between adjacent points, which depends on the wavelength.saliency, because the amplitude decreased approximately log-line-
arly with increasing radial frequency. The decreasing amplitude with
increasing radial frequency might be a general characteristic of con-
tour shapes, because the large amplitude in higher radial frequencies
often results in crossover of lines, such that it is no longer a ‘contour’
shape. To clarify the relative contribution made by the perceptual
salience of each radial frequency component to memory perfor-
mance, it is necessary to use particular sets of contour shapes having
large amplitudes in the high radial frequency components. Further
studies are needed to clarify this issue.
Finally, it should be noted that the present study reveals the
nature of memory for complex contour shapes consisting of
smooth curves. However, we must be careful with respect to gen-
eralizing these ﬁnding because an observer’s memory strategy may
vary according to the characteristics of stimuli. It is possible that,
when stimuli have some salient edges, observers adopt a strategy
for storing salient parts rather than storing holistic information.
In an extreme case, a simple square can be easily stored in mem-
ory, although the edges of square involve higher frequency compo-
nents. This type of case is inconsistent with the present ﬁndings
that indicate the survival of lower frequency information and the
loss of higher frequency information. Further study is needed to
clarify the relationship between the memory strategy and the
stimulus type.6. Conclusion
The present study examined how holistic information of the
complex contour shape is stored in visual STM. Results indicate
the survival of lower frequency information (i.e., 65 cycles/perim-
eter) and the loss of higher frequency information. We also found
that the memory system responsible for maintaining holistic infor-
mation for complex contour shape was independent of both the
verbal memory system and the visual spatial memory subsystem
of visual STM. These results imply that the holistic information of
complex contour shape, which involves lower frequencies, can be
stored in the object memory subsystem of visual STM. In addition,
the present study proposes a new procedure for investigating
memory for the holistic information in complex contour shapes,
i.e., the freehand drawing recall task. This procedure has advanta-
ges over a typical recognition task. For instance, no interference
should occur prior to the test in the freehand drawing recall task,
whereas in a typical recognition task, by contrast, information in
memory can be overwritten by a test image. Furthermore, recall
performance can directly reﬂect holistic information, whereas this
is not the case with a typical recognition task, which involves a
matching of each local part between studied and test images. The
freehand drawing recall task offers a new tool for future investiga-
tions of the nature of visual memory.References
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